J. Phys. Chem. R000,104,2061-2069 2061

Theoretical Considerations in the NH + NO Reaction
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We have studied the Nl NO reaction theoretically in order to try to deduce a theoretical “model” that
will accurately reproduce both the total rate coefficief(fl) and the branching fractiom(T) of the reaction

NH; + NO — N, + H;O (a), NH. + NO — NNH + OH (b), and NH + NO — N,O + H, (c), where

kr = ka+ ky + ke anda = ky/kr. The analysis, which makes the RRKM assumption and utilizes conventional
transition-state theory for the internal-rearrangement transition states and microcanconicavéxidional
transition-state theory for the bond fissions, is discussed at length. The results of the analysis show clearly
that kr(T) is determined almost exclusively by the transition state for the 1,3 hydrogen transfer connecting
the initial NHLNO complex to HNNOH. The branching fraction is sensitive to several features of the potential
energy surface, most of them associated with the fragmentation of the various HNNOH complexes into NNH
+ OH. By adjusting properties of the potential energy surface, we have constructed a theoretical model that
predicts results for botkr(T) ando(T) that are in good agreement with experiment. A variety of sensitivity
analyses for the branching fraction indicate that reaction b is most likely thermoneutral to withical/

mol. Our prediction ofk,(T) is between 2 and 3 orders of magnitude smaller than values deduced from
experiment, suggesting that the experiment may have detected the existence of a fourth channe-HNNO
H, or may have been contaminated by secondary reactions.

Introduction of the NNH radical, which dissociates exothermically intp N
+ H by tunneling through a small potential energy barrier

The Th | De-N i.e., the selecti Iyti
e ermal De Qprocesé(l e., the selective noncatalytic (%8 kcal/mol).

reduction of NO by ammonia) is used extensively on stationary

combustion systems to control N®missions. The key to this Both a(T) and znww have been controversial in the past.
process is the reaction between Nihd NO2~7 which has at ~ However, recent experimental determinations @fT)®~*°
least three product channels have allowed Miller and Glarbofgo construct a satisfactory
chemical kinetic model for Thermal De-NQvith a value of
NH, + NO— N, + H,0 (a) nne = 1.5 x 1078 s. This value ofryny iS consistent with the
upper limit of 0.5us set by the experiments of Selgren etlal.
— NNH + OH (b) and with the theoretical predictions of Koizumi efaHowever,
the temperature dependenceodl) suggested by experiment
—NO+H, (€ and used in the MillerGlarborg model is not consistent with

the most reliable theoretical prediction of this paraméter.

However, under conditions of interest, only the first two are e retore it seems desirable to explore the theoretical prediction
important. The key element in understanding the mechanism of a(T) in more detail

of the process (and constructing a satisfactory kinetic model L .
P ( g y The NH, + NO reaction is remarkable in a number of ways,

for it) is the extent to which channel (b) can produce free S .
radicals. Reaction b, followed by the sequence one of which is that the dominant channel at low temperature
' (reaction a) involves the breaking of all three chemical bonds

NNH — N, + H in the reactants and the formation of three completely new ones
in the products. Melius and Binkléy, using BAC-MP4
H+0O,—OH+ 0 electronic structure calculations, were the first to identify the
mechanism by which this reaction occurs. Subsequently, numer-
O+ H,0— OH+ OH ous electronic-structure theori§ts?® have confirmed their

results, although the exact properties of the transition states
is chain branching, whereas reaction a is chain terminating. Theinvolved differ somewhat from investigation to investigation.
branched chain character of the process is important for Using this information, it is easy to show that the lifetimes of
predicting a number of its observed properfies.The most the intermediate complexes axd 0 ''s, even at the minimum
important parameters in determining the rate of chain branching energy at which they can be formed from Nt NO, whereas
are the branching fraction of the NH- NO reaction,a(T) = the time between collisions at temperatures and pressures of
ky/kr, whereks is the total rate coefficient, angiyn, the lifetime interest is~10710 s 521 Therefore, the reaction takes place as a
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single elementary step without collisions! This is at least
qualitatively consistent with the experimental observation that
the rate coefficient is independent of pressure from a few Torr
to almost an atmosphere at room temperatére.

There have not been very many attempts to predict theoreti-
cally the kinetic properties of the reaction, i.e., the rate
coefficientkr and product distribution. The early work by Gilbert
et al?® and Phillipg! did not address the branching- fraction
issue at all. Diau et & attempted to calculate bok(T) and
o(T), but they did not treat the “loose” transition states
satisfactorily (i.e., the ones for bond fission), and their method
did not enforce angular momentum conservation. The latter is
potentially very important in this case because of “rotational
channel switching¥2526 Rotational channel switching occurs
when the product distribution is determined by the competition
between a loose transition state and a tight one that is lower in
energy. As the angular momentum quantum numbeis
increased, the centrifugal barrier for the tight transition state
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Figure 1. Reaction coordinate diagram for the NH NO reaction.

grows much faster than that for the loose one. As a result, there  For the loose transition states, TS-1 and TS-8, there are no

is the possibility that high temperatures (higfs) could
essentially shut off the low-energy channel, which would likely
be dominant at low temperatures.

The analysis of Diau and Smithis the only satisfactory
theoretical treatment of the NH- NO reaction to date. It is
pivotal to our understanding of the reaction. These investigators
both enforced angular momentum conservation rigorously and

electronic structure calculations from which to draw information.

Therefore, we are forced to approximate the potential in these
regions of the surface. In doing so, we have separated the
potential into three parts: (1) the potential along the reaction
coordinate; (2) the potential corresponding to the “conserved”
degrees of freedom orthogonal to the reaction coordinate; and
(3) the potential for the “transitional” degrees of freedom

treated the loose transition states in a satisfactory fashion. Theirorthogonal to the reaction coordinate.

calculation ofo(T) shows that a rapid rise from about 0.1 at
room temperature to high values for> 1000 K (consistent
with Thermal De-NQ modeling) is theexpectedesult, based
on the best potential energy surface information available.
However, theira(T) in fact is much too large at temperatures
of interest. We believe that this is due, at least in part, to a
conceptual error in the DiatSmith analysis. This point is
discussed in context below.

The present investigation is a rather substantial extension an
elaboration of the DiatSmith treatment. We seek to construct
a theoretical model that is consistent with the best experimental
results available both fder(T) ando(T) and is also consistent
with the large body of electronic structure theory information

that has accumulated. We also identify features of the PES that
are most important in determining these parameters. The rate

coefficientk; for the NbO + H, channel also comes naturally
out of our analysis.

Theory

Potential Energy Surface The potential energy surface
(PES) used in our analysis is depicted diagrammatically in
Figure 1. Information about the tight transition states was drawn
initially from the electronic structure calculations of Wolf et
al.'” except for the transition states leading tgON+ H, (TS-6
and TS-7), whose properties come from the work of Diau and
Smith20 We then adjusted the properties of selected transition
states, in light of all the electronic structure theory results
available, in order to obtain good agreement with experiment
for kr(T) and a(T). These adjustments are discussed in detalil
below. The well depths of the various isomers shown in Figure
1 are drawn to reflect the theoretical results of Diau and Sthith

For the present investigation we have assumed that the
potential along the reaction coordinate can be represented by a
Varshni potentigl’28

2
VR = De{ 1- %" expl- AR ~ Roz)]} ~D. (@)

whereDe is the “classical” bond energy (i.e., not including zero-

O!ooint vibrational energiesR the reaction coordinate, arit

its equilibrium value. In the present cadR,is the distance
between the two bonding atoms, the-N distance for TS-1
and the N-O distance for TS-8.

Note from Figure 1 that TS-8 actually represents four different
reaction paths, one leading to each of four isomers of the
complex. In the present work, we do not distinguish among these
four paths through th&(R) function. There is only on&(R)
for TS-8, but the four paths are accounted for properly through
the symmetry of the potential for the transitional coordinates.
In the end, we calculate the total reactive flux connecting NNH
+ OH to all four wells of the complex and partition the flux
after the fact through an ad hoc parameter (discussed below).

The f parameter in eq 1 can be related to the second
derivative of V(R) at Ry

_ 1 2Vrr(Ro)
4R De

1

R/

Vrr(Ro) is readily obtained from electronic structure theory, in
the present case from a density functional calculation. Knowing
De and Ry from a variety of electronic structure calculations,
one can then calculate from eq 2, i.e., for both TS-1 and
TS-8.

We have used the Varshni potential, rather than a Morse

2)

and Walcht® However, these well depths do not enter directly function, in our analysis because it is “flatter” at largeFor
into any of our calculations. The Appendix contains a complete this reason, the VarshM(R) is believed to be a more accurate

list of the transition-state properties for the tight transition states
used in our model.

representation of true bonding potentials than is the Morse

function?® For the same values dde, Ry, and Vrr(Ro), the
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Varshnif is related simply to the Morsgy

p= ®)
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We have choseR, = 2.4 A at which to switch on the additional
decay term, because in the present case such a value provides
the greatest flexibility in modifying th& dependence of.

ZRo( M Ro) Furthermore, this separation corresponds at least qualitatively
to the region where covalent and long-range interactions are of
For the present case, as noted by Diau and Skitrdoes not  roughly equal importance. In this region there are significant
seem to matter very much which of the two functions is used. variations in the potential that cannot be modeled with the
The potential for the conserved coordinates is assumed to becurrent simple model function. In particular, hydrogen bonding
harmonic. This potential corresponds to the degrees of freedomand dipole-dipole interactions yield dramatic changes wih
that can be identified as normal-mode vibrations in the separatedin the optimum orientation and interaction strength of the
fragments. The transition states for bond fission reactions fragments. The addition of an extra decay term for the forces,
normally lie so far out in the asymptotic region of the PES that as in eq 7b, while not allowing for a quantitative reproduction
it is reasonable to assume that these degrees of freedom, andf these phenomena, does at least provide greater flexibility in
their corresponding frequencies, maintain their integrity in going the modeling of their effects. The parameteis 7, and sy

from the separated fragments to the transition states.

The potential for the transitional coordinates is more com-
plicated. We describe this potential in terms of four angles. For
TS-1 these angles are the ONN bond angle, tHéNMN bond
angle (either H can be labeled, and two torsional angles:
(1) the dihedral angle between the piplane and the FINN
plane, and (2) the dihedral angle between teNN plane and
the NNO plane. For TS-8 the angles are tHE®N bond angle,
the NNO bond angle, and two torsional angles: (1) the dihedral
angle between the BINN plane and the NNO plane, and (2)
the dihedral angle between th€JN plane and the NNO plane.

The transitional potential for either loose transition state can
be written compactly in the form

4 4

Vi(61,0,,05,0,) = ZZA‘] sinpi(6; —

Sl

6,) sin pj(Hj - Hjo) +

4

A[1 — cosp; (6; —

00)] (4)

where thef;’s are the angles described above andéjgs are
their equilibrium values. Thg's come from symmetry, i.e., if
pi = 1, there is only one minimum in the potential Gsgoes
from 0 to 2r; if p; = 2, there are two minima, etc. The obvious
symmetry condition

A=A (5)

leaves 10 coefficients to be specified in order to define the
potential completely. For TS-1 we do this by calculating from
density functional theory the force constant matrix at the
equilibrium position of the stable adduct

*Vv

Fi(Ry) = ( ) ihj=1,...,4 (6)
L 00, 90, Ryl 910
and assume thd;(R) decays exponentially with increasifiyy

Fii(Ro) exp[=7(R—Ry)]

where is a tightening (or loosening) parameter.

The temperature dependence of the branching fractisma
sensitive function of the potential in the TS-8 region. To allow
for greater flexibility in our modeling of this temperature

Fi(R) = (7a)

dependence we employ a two-parameter form for the decay of

the force constants in this region
Fi(R) = Fy(R) exp[-7,(R-R)l; R=R,

= Fy(Ro) expl-17,(R—Ry)] expl—r7(R—Ry);
R>R, (7b)

are discussed below and are chosen to give realistic values of
the rate coefficients for complex formation from the corre-
sponding separated fragments. The calculatiof@Ry) then
is sufficient to determine the 10 independent elements oAthe
matrix defined in eq 4 for any position along the reaction
coordinate, and thus it is sufficient to defivg everywhere.

Rate Coefficient Calculations Using methods introduced
by Miller, Parrish, and Browr? we treat all the possible
rearrangements of the NH- NO collision complex, shown in
Figure 1, as a stochastic process, allowing for passage back and
forth between the various configurations any number of times.
Because the lifetimes of the intermediate complexes are very
short, as discussed in the Introduction, the reaction occurs
without collisions. Therefore, total enerdyand total angular
momentum must be conserved explicitly in our analysis. We
can write rate coefficient expressions for the three product
channels as follows:

N
(M) = [NQMa M) @2+ 1) fo‘”gs N, N(N; +
N,) exp(-ElksT) dE (8)

N;N,
ky(T) = [hQngemrlz(zJﬂ)ﬁ, N~ TN+ (@
V)(N; + Np)} exp( ElksT) dE (9)

N;N,
k(T) = [hQR(T)ge(T)]*Z(zﬂ n [ {NG N+
Nl

N,) + N7B[NyNz —(N;+ N4)2]] exp(-E/kgT) dE (10)

where
D(E.J) = N,?N, + NJIN,N, — (N3 + N,)?]
N, (E,J) =N; + N, + N,
Ny(E,J) =N,+ N;+ N, + yNg
N,(EJ) =Nz + N, + Ng+ Ng+ N; + (1 — y)Ng

In these expressiorng is Boltzmann’s constant) is Planck’s
constant;T is the temperaturel, is the total angular momentum
guantum number, an@g(T) is the vibrationat-rotationat-
translational partition function of the reactants (not including
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electronic or center-of-mass contributions). The functig(T)
is the electronic partition function of the reactants

0(T) = 2[2 + 2 exp(—346RT)] (12) B 1018

° ]

The functionsNi(E,J)/h, i = 1, ..., 8, represent microcanconical/ § 8x 1012
fixed-J probability fluxes per unit energy through the indicated g I
transition states of Figure 1. They are the same in both directions x 6x 102 |-

because of microscopic reversibility. For purely classical
reaction-path motion (as assumed heM{E,J) is the sum of
states with total angular momentum quantum number equal to 4x 10‘20
J and total energy less than or equaBoThe functiony(T) is

the fraction of the flux through TS-8 that connects the separated
NNH + OH fragments with complex y, shown in Figure 1.
Recall that our calculation oNg(E,J) does not discriminate
between the part that correlates with complex y and the part
that correlates with complex z. Note from Figure 1 that both

complexes y and z consist of two “subcomplexes” connected iqg| vibrational sum of states is obtained by convolv,hfjt(E)

by small rotational barriers. Our analysis implicitly assumes that yith the quantum harmonic state sum for the other vibrational
in both cases the barriers are small enough that RRKM degrees of freedom

equilibrium is maintained between the subcomplexes during the

1 | 1 L
500 1000 1500 2000
T(K)

Figure 2. Rate coefficients for the NNH- OH association reaction,
kg:)(T), for various values of the tightening constants and»s,. The
calculations are for cases-5. The numbers in parentheses are the
values (in A1) of yg, and s, respectively.

course of reaction. _ (E _
Except for TS-3 and TS-4, the(E,J)’s for the tight transition N,(B) = /; pg (N, 1 (E — x) dx (15)
states (= 2, ..., 7) are evaluated exactly in the harmonic-

oscillator/rigid-rotor approximation using conventional transition N(E,J) is then obtained fronN,(E) as described by Miller,
state theory. In most of our calculations we approximate one Parrish, and BrowA?

degree of freedom in TS-3 and TS-4 as a hindered rotation. The fluxesNi(E,J) and Ng(E,J) are computed by micro-
Note from Figure 1 that TS-3 and TS-4 are connected by an canonical/fixedd variational transition-state theofyin which
out-of-plane rotation of a hydrogen atom, i.e., by a change of there is a different transition-state dividing surface for every
7 in the dihedral angle between the HON plane and the ONN  E,J combination. The dividing surface is chosen from a one-
plane. The potential for this HONN torsional motion is Parameter family of surfaces orthogonal to the reaction coor-

approximated by a truncated Fourier cosine series dinate by mlnlmlzmg the total flux thrOUgh the surface. For the

present investigation we employ methods developed by Kilip-

V(p) = vy + v, COSP + v, COS 2 + v5CO0S B + pensteiR! in calculating these fluxes; this methodology is an
v,C0S 4 (12) extension and generalization of the WardfaMarcus ap-

proach3233 We calculate a quantum sum of statbls(E), by

where v throughu, are constants. Four of the constants were exact count for the conserved degrees of freedom and a classical

determined from the assumed values of the potential at the density of stateg(E,J), for the transitional degrees of freedom

saddlepoints corresponding to TS-3 and TS-4 and from a density(including external rotation) by a Monte Carlo mettigi(E.J)

functional calculation of the force constan®/ttig? at the same 1S the transitional density of states per unit energy with total

two points, i.e., atp = 0 and$ = x. The fifth constant is used angular momentum quantum number equal.td/e then obtain

as a free parameter to fix a value for the potential energy barrier N(E.J) by convolution

V34 at ¢ = 7/2 separating TS-3 from TS-4. Two values were e

used for this barrier, 4 and 8 kcal/mol. N(EJ) = fo N.(E — €)py(€,J) de (16)
Once we have the potential we can calculate the classical

density of states corresponding to this torsional motion for either 1o computer code VARIFLEX was used in all our calcula-
transition state as a phase space integral tions for Ny(E,J) and Ns(E,J).

2l _ Results and Discussion
p8(E) = Q S HE = V@)IE — V()] **dg (13) - _
The first point we need to address is what to choosepfor
Nsa @ndyngp, the tightening parameters for TS-1 and TS-8. The
primary criterion that we have is that they should yield
reasonable values for the rate coefficients of their corresponding
radical association reactions. For TS-1 we have chagen
3.0 A1, which results in a value fokl®, the rate coefficient
for complex formation from NKH + NO, of approximately
2.9 x 10" cm?/(mol s) at 300 K. This value gradually rises to

whereH(x) is the Heaviside step function ahds the reduced
moment of inertia for the torsional motion. For TS¢f= —n/2
and¢, = /2, whereas for TS-3 the limits amare fromz/2 to
3n/2. Note that¢ = 0 corresponds to TS-4 and = =«
corresponds to TS-3. An estimate of the quantum density of
states can be obtained from the Pitz&winn®® approximation

oMo E) 4.5 x 10% cm?/(mol s) at 2000 K.
pg)(E) = Pcft)(E)qh— (14) We have tried a number of different pairs mf,7ss values
p(do)(E) and calculated corresponding valueskgi)f, the rate coefficient

(through TS-8) for complex formation from NNH OH. The
here p"(E) and p{"°(E th t d classical (©) in Fi i
where p,"(E) and py(E) are the quantum and classical results forky(T) are shown in Figure 2. At high temperatures
harmonic-oscillator state densities calculated for the samethe transition state lies at shorter separations than 2.4 A and
saddlepoint force constants as used in complmﬁ‘\(f). The the rate coefficient depends only g@s. At low temperatures,
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TABLE 1: Modification to Nominal Potential Energy Surface Parameters
s Nep(AY) E? (kcal/mol) ES (kcal/mol) EY (kcal/mol)  Va_s(kcal/mol)  y (dimensionless)  E® (cmY)

1 1.0,4.16 4 0.5 —40
2 1.0,3.21 4 0.5 —90
3 11,321 4 0.5 30
4 1.1,2.46 4 0.5 —30
5 1.2,1.89 4 0.5 0
6 1.0,4.16 8 0.5 50
7 1.0,4.16 hd 0.5 100
8 1.0,4.16 4 1.0 150
9 1.0,4.16 4 0.25 —275
10 1.0,4.16 —14 4 0.5 —40
11 1.0, 4.16 —18 4 0.5 —40
12 1.0,4.16 —6.8 —9.8 4 0.5 160
13 1.0, 4.16 —10.8 —13.8 4 0.5 —280
14 1.0,4.16 4 0.3 —200

aHarmonic oscillator.

larger values ofjgp, yield larger rate coefficients. For larggp
the increased rate coefficient at low temperature results in a N
rate coefficient that has a substantial minimum at intermediate 1013 F
temperature. Interestingly, a similar minimum in @) plot i
has also been calculated for the association of O with°&H.
Such minima irk(T) plots may be indicative of the importance
of H-bonding interactions in determining the transition state ~ .
locations. In particular, at low temperatures (e.g., 300 K) the 1012 / Ssal .
extra stabilization provided by the H-bonding may push the +2 kealfmole T~ 1
transition state out to larger separations and thereby yield larger 0 =00 7000 500 2000
rate coefficients. With increasing temperature the H-bonding T(K)

interactions. would gradually decrease in importance as the Figure 3. Effect of increasing and decreasi? by 2 kcal/mol on
corresponding Boltzmann factor [expEu-pondksT)] ap- kr(T). The solid line is case 1 of Table 1. The upper dashed line is

proaCheS_ _unity. At q!Jite high tempt_erature (€= 1000 K) . case 11 and the lower dashed line is case 10.
the transition state will have moved in to such short separations

that the H-bonding interactions are largely irrelevant. The rate T
coefficient will then show the usual modest variation with
temperature.

We normally expect a rate coefficient such Ié‘% to be at
least 1x 10 cm?/(mol s) at room temperature and to decrease
slightly with increased temperature. Furthermore, we generally
need small values dflg(E,J) in order to give good agreement
with experiment for(T). For these reasons, we have presented F
results in Figure 2 forga g, pairs that havé(300 K) values L !
near 1x 10 cm®/(mol s). As discussed below, the predicted
branching fractionsx(T) agree most closely with experiment
when there is a significant minimum in théc)('l’) plot. The
case fisa 1780) = (1.0, 4.16) A satisfies all our criteria. Thus,
we have chosen these values for our nominal case.

It is perhaps worth noting that OHEKI), because of the Total Rate Coefficient kt(T). As noted above, the rate-
orbital symmetry of its electronic wave function, has an limiting step in determiningr(T) is internal rearrangement of
abnormally large electronic partition function, approximately the complex—k(f)('D ~ 2.9-4.5 x 10" cm?/(mol s) whereas
by a factor of 1.5 at room temperature. Correcting for this effect kr(T) varies from 1x 10 cm?/(mol s) at room temperature to
makes cases with{ < 1 x 10'3 cm®/(mol s) somewhat more 1 x 10 cm¥(mol s) at 2000 K. However, there are two
palatable. Nevertheless we have still chosgr= 1.0 A1 and relatively high points in potential energy along the reaction path
7gp = 4.16 A1 as our nominal values. shown in Figure 1: the 1,3 hydrogen transfer (TS-2), and the

Table 1 lists values of the critical parameters in the calcula- trans-cis isomerization, TS-3 and TS-4, which we consider to
tions for each of the cases discussed here. If no value is givenbe a unified pair connected through the torsional motion
in the table, the value of the parameter given in the Appendix discussed in the last section. It is instructive to examine which
was used for that case. The values§? was adjusted for each of these transition states has the greater influence on the rate
case so that(300 K) ~ 0.10, a result that is reasonably well ~ coefficient. Figure 3 is a plot okr(T) vs T for our nominal
established from experiment. Note that in all these cases,conditions (case 1) and for cases in whief) was increased
regardless of the changes made to other parameters, reaction Bnd decreased by 2 kcal/mol. Figure 4 is a similar plot in which
turns out to be thermoneutral to withinl kcal/mol. Therefore,  ES andEY” were increased and decreased in unison by 2 kcall/
it seems reasonable to conclude that the real valug{ofis mol. Somewhat surprisingly, comparison of the two figures
unlikely to deviate from zero by more than 1 kcal/mol in either shows that the rate-limiting step is the 1,3 hydrogen shift from
direction. Perhaps this is a good test of electronic structure the initial NH:-NO complex, particularly at high temperature.
theory results. This is true even thougEg‘) and Eg3) are significantly larger

kr (cm3/mole - s)

1018

kr (cm®/mole - s)

L |

o] 500 1000 1500 2000

T(K)

Figure 4. Eeffect onk(T) of raising and lowerincgE®) and E” in
tandem by 2 kcal/mol. The solid line is case 1. The upper dashed line
is case 13 and lower dashed line is case 12.
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Figure 5. Effect of varying the decay constangs, and s, on the
branching fractiono(T). The calculations are for cases-3. The
numbers in parentheses are the values (i) 2of 1sa and #sn,
respectively.

thanE?. The tightness of TS-2 severely limits the value of the
rate coefficient. This is clear if one compares the frequency
values of the low-frequency vibrations of TS-2 with those of
TS-3 and TS-4 in the Appendix.

Our value ofEQ) is —16 kcal/mol. Conventional wisdom
usually allowst2 kcal/mol in the accuracy of the best ab initio
electronic structure calculations. If this is so, our valu&gt
compares favorably with the-14.8 kcal/mol calculated by
Walcht® and with the—14.4 kcal/mol calculated by Diau and
Smith2° probably the most accurate of the results obtained to
date.

Branching Fraction o(T). More interesting than the rate
coefficient, and of much more practical importance, is the
branching fractiorm(T). As discussed by Diau and Smiththe
most influential feature of the PES oa(T) is ng” (not
surprisingly). We have acknowledged this sensitivity above in
adjustinge® to give (300 K)~ 0.10 for all cases considered.
However, other factors also influence the branching fraction.
In the following discussion we examine the influencead(it)
of 17sa Msp V34 (the torsional barrier separating TS-3 from
TS-4), theE® EYY combination, and.

Figure 5 shows(T) plotted as a function of temperature for
various values ofyga and 5gp. As expectedo(T) is a strong
function of these tightening parameters, at leasggaf When
we compare the predictions of our final theoretical model with
experiment below, it will be clear that we want to pick values
of all the parameters that give the smallest valuea (@), yet
are physically realistic. As discussed above, the ggge- 1.0
A1, g = 4.16 A1 results in values okS(T) that are in the
expected range and also yields the smallest value§iof Thus,
our preferred values fors, and 5gp are 1.0 and 4.16 A,
respectively. Note that in Figured{T) does not depend strongly
on ng,. This is becauseyg, affects the flux through TS-8
only at low temperature, and our adjustmentEé’?) to give
(300 K) = 0.1 for all cases cancels its effect.

Figure 6 displays results fax(T) for two values of the TS-3
— TS-4 torsional barrierVs;_4, and for the case where this
torsional motion is modeled as two independent harmonic
oscillators. Clearly, the smaller torsional barrier results in the
most flux through the transcis transition states, and thus
smaller values ot(T). However, the differences between the
three cases is not huge. Owing to this relative lack of sensitivity
to V34 and our belief that any value of;—4 much smaller
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Figure 6. Effect on a(T) of Vs_4, the torsional potential barrier
separating TS-3 from TS-4. The calculations shown are for cases 1, 6,
and 7 of Table 1.
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Figure 7. Effect of increasing and decreasi&§’ andE{” in tandem
by 2 kcal/mol ono(T). The cases shown are case 1, case 12, and case
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Figure 8. Effect of y on o(T). The calculations shown are for cases
1, 8, and 9.
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smaller we maké&® andES, the slower is the rise witfi of
o(T). This result is somewhat counterintuitive and occurs
because we adjust the value Eff) in all cases to givex(300
K) ~ 0.10. The smaller values &> andE{” result in smaller
values ofEY). The smaller values oES) in turn produce a
weaker temperature dependenced(r) than do larger values
of E®). Our values folEY) and E}” are —8.8 and—11.8 kcal/
mol, respectively. These numbers compare favorably with the
G2M theoretical results of Diau and SmAhEY = —8.1 kcal/
mol andE{” = —10.3 kcal/mol, and somewhat less favorably
with Walch's value ofE{? = —7.4 kcal/mol. Ultimately we
could improve the agreement of our theoretical predictions with
experiment by further reducing and EY”. However, this
would take us further away from the electronic structure theory
results than we would like.

In Figure 8 we show the effect of on o(T). As expected,
larger values ofy (the fraction ofNg(E,J) that connects NNH

than 4 kcal/mol is probably unrealistic, our preferred value is + OH with complex y) produce larger values @fT) at high

V3ﬂ} = 4 kecal/mol. . _ temperature. This occurs because dissociation is not able to
Figure 7 shows the effect of raising and lowerig’ and compete very favorably with the low energy 1,2 elimination of

Eg‘) in tandem by 2 kcal/mol. This is an intriguing plot. The water from complex z. This sensitivity @f(T) to y naturally
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Figure 9. Comparison of our theoretical predictions flaf(T) with 0.0 . \ | | I
experiment. Case 14, modified as discussed in the text, is used in the 200 600 1000 1400 1800 2200
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. ) Figure 10. Comparison of our theoretical predictions f@(T) with
raises the question of what the correct valuer ghould be. It experiment. Case 14, modified as discussed in the text, is used in the
could also be temperature dependent. Only more information predictions.
about the PES connecting NNH OH to the y and z complex

configurations can clear up this issue. Of course, the noncom- 08 ‘ ‘ ‘ ‘
mittal choice isy = Ya. 07 Miller-Glarborg (1999) \ ’,_r._’
We can only speculate on this point, but it seems likely, based 06 ,/_,’."‘
on their description of their calculations and our own experience, 95 %%
that the very rapid rise of(T) with temperature predicted by & 04} \_Ngm,'ml case
Diau and Smitf® is a consequence of implicitly assumipg= 0.3F
1 and taking the equivalent of very large values for tlagnsp 0.2} "Graduated y" case
pair. It is quite likely that their equivalent drgc) increases with 0.1}
temperature. A value of unity fgr implies that all the reactive 0.0 ‘ ‘ L .
flux through TS-8 originates in complex y. Such an assumption 0 500 1000 1500 2000 2500

is physically unrealistic. T(K)

Comparison of Theory with Experiment for kr(T) and Figure 11. Comparison of our nominal case (case 1) and the “graduated
a(T). We have chosen the conditions listed in Table 1 as case? “ case of Figure 10 with the MillerGlarborga(T) function.
14 to use in comparing with experiment, except thaivas
allowed to increase slowly from the value of 0.3 given in the
table at 1100 K to a value of 0.5 at 2000 K. In the absence of 101 |.
any information about this part of the PES, we cannot yet justify
such a variation a priori, but some such variatiory efith T is

helpful, if not necessary, in predicting the unusual temperature 100 |
dependence ofi(T) observed experimentally (see below). g \
In Figure 9 we compare our predictions lof(T) with the 108 - f

experimental results available. The agreement is very good. The 107 ‘ ‘ ‘ ‘ ‘
total rate coefficient is determined almost completely by the 0 0.0004 0.0005 0.0006
properties of TS-2, particularly at high temperature. We chose 1T(K)

2) .
the value O'Eé) = —16 kcal/mol to give a result fdtr(300 K) Figure 12. Comparison of our prediction fdg(T), the rate coefficient

of approximately 1x 10" cm¥(mol s). The remainder of the  for the reaction N+ NO — N;O + H,, with the experiment of Roose
prediction occurs naturally. As discussed above, our value for et al®

E? is consistent with the best electronic structure calculations the “

ava@lable. dicti ith . it can be seen that our nominal case qualitatively displays the
Figure 10. compares our pre iction@fT) wit experiment. change in curvature exhibited by the experiments. This change

The branching fraction is much harder to predict than the rate in curvature correlates directly with the minimum in “@(T)

coefficient. The solid curve in Figure 10 is tl&T) function . - L

used by Miller and Glarbofgn their modeling of the Thermal function shown in Figure 2 and implies that the forces that

o . _produce such a minimum can also lead to the change in
De-NQ process; it is probably the most accurate representation curvature ina(T). However, it is only with the temperature-
of the true o(T) function available. The MillerGlarborg ) ’ y P

function changes curvature &t~ 1150 K, a property that is dependeny that the theoreticat(T) approaches the Miller

extremely difficult to predict theoretically. In fact, the only way Glarborg function. .

: o . The NO + H; Channel. In Figure 12 we compare our
that we can see to produce such an effect quantitatively with L
the present theoretical treatment is to assume a temperaturé’ rediction fork(T)
dependence foy such as the one described above. To clarify NH, +NO— N,O + H, ()
this point we have plotted in Figure 11 the MilleGlarborg
function and thex(T) functions from our nominal case and from  with the experimental result of Roose, Hanson, and Kréger.

1012 ——ag

1010 |- ]

L(cm3mole ¢ s)

0.0007

graduated " case described above. If examined carefully,
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In the temperature range of interest, our predictiokr) is (12) Koizumi, H.; Schatz, G. C.; Walch, S. B.Chem. Physl991, 95,
between 2 and 3 orders of magnitude smaller than the #130- o
experimental result. No realistic changes in the properties of . (13) Diau, E. W.-G.; Smith, S. C. Phys. Chem199§ 100, 12349~

. . . 12354.
TS-6 and TS-7 will bring the two results into agreement. It (14) Melius, C. F.; Binkley, J. STwentieth Symposium (International)

seems likely that the JO detected in the experiments of Roose  on CombustionThe Combustion Institute: Pittsburgh, PA, 1985; pp-575
et al. came indirectly from the channel 583.
(15) Abou-Rachid, H.; Pouchan, C.; Chaillet, \@hem. Phys1984
NH, + NO— HNNO + H (d) 90, 243-255.
(16) Harrison, J. A.; Maclagan, R. G. A.; Whyte, A. R Phys. Chem.
1987, 91, 6683.

followed by dissociation or abstraction of the H from HNRO (17) Wolf, M.; Yang, D. L. Durant, J. LJ. Photochem. Photobiol. A:
or from secondary reactions such as NHNO <= N,O + H Chem.1994 80, 85—93.
and NH + NO, — N,O + H,0. Channel d is roughly 39 kcal/ (18) Duan, X.; Page, B. Mol. Struct. (THEOCHEM}.995 333, 233-

mol endothermic, would have a loose (bond fission) transition 242
state, and is accessible from complex x of Figure 1, where it ~ (19) Walch, S. PJ. Chem. Phys1993 99, 5295-5300.

only has to compete with the very tight TS-2. 92'%0) Diau, E. W.-G.; Smith, S. CJ. Chem. Phys1997 106, 9236~

(21) Phillips, L. F.Chem. Phys. Lettl987, 135 269-274.

(22) Lesclaux, R.; KheP. V.; DeZauzier, P.; Soulignac, J. Chem.
Using statistica-theoretical methodology, we have studied Phys. Lett1975 35, 493. N _
the NH, + NO reaction in some detail. Systematic tests of the _(23) Gilbert, R. G.; Whyte, A. R.; Phillips, L. Ant. J. Chem. Kinet.

L2 . . 1986 18, 721-737.
sensitivity ofkr(T) ando(T) to various features of the potential

. . 24) Diau, E. W.-G.; Yu, F.; Wagner, M. A. G; Lin, M. d. Phys.
energy surface clearly show thk#(T) is determined almost Chgm)lg% 98, 4034. g Y

exclusively by TS-2, the 1,3 hydrogen transfer from the initial (25) Troe, JJ. Chem. Soc., Faraday Trank994 90, 2303-2317.
NH2NO complex, whereasy(T) is sensitive to several PES (26) Just, ThTwenty-Fifth Symposium (International) on Combustion
parameters. Our final theoretical model predicts valuds (@) The Combustion Institute: Pittsburgh, PA, 1994; pp 6804.
and o(T) that agree well with experiment. In order to predict ~ (27) Varshni, V. PRev. Mod. Phys1957 29, 664-682.
a(T) a priori with any degree of precision, it is clear that more _ (28) Klippenstein, S. J.; Kundhar, L. R.; Zewail, A. H.; Marcus, R. A.
information is needed about the potential governing HNNOH J. Chem. Phyd.988 89, 4761-4770.

. (29) Miller, J. A.; Parrish, C.; Brown, N. Jl. Phys. Chem1986 90,
complex formation from the separated NNHOH fragments. 3339,
Very subtle features of this part of the potential apparently have  (30) pitzer, K. S.; Gwinn, W. DJ. Chem. Phys1942, 10, 428.
significant impact on the shape of to€T) function. From the (31) Klippenstein, S. JJ. Phys. Chem1994 98, 11459-11464 and
present model, we conclude that the potential is likely to have references therein.
features that producekf)(T) function that decreases relatively ~ (32) Wardlaw, D. M.; Marcus, R. AChem. Phys. Let.984 110, 230.
rapidly with temperature aE increases above 300 K and may  (33) Wardlaw, D. M.; Marcus, R. AJ. Chem. Phys1985 83, 3462.
have a minimum in the vicinity of ~ 1000 K. Also, the rate (34) Klippenstein, S. J.; Wagner, A. F.; Dunbar, R. C.; Wardlaw, D.

. . . . M.; Robertson. VARIFLEX Version 0.27, May 19, 1999.
of formation of various HNNOH isomers from NNH OH is (35) Roose, T. R.: Hanson, R. K. Kruger, C. Eighteenth Symposium

probably temperature dependent, with the cis isomers favored(international) on CombustigiThe Combustion Institute: Pittsburgh, PA,
at low temperatures. 1981; pp 853-860.

Our prediction ofk(T), the rate coefficient for the 3D + (36) Miller, J. A.; Mitchell, R. E Eighteenth Symposium (International)
H, channel, is between 2 and 3 orders of magnitude smaller ©" CombustionThe Combustion Institute: Pittsburgh, PA 1981; p 860.

than that deduced from the experiment by Roose &tathout 3797) Kimball-Linne, M. A.; Hanson, R. KCombust. Flamd 986 64,

20 years ago. (38) Vandooren, J.; Bian, J.; van Tiggelen, PCdmbust. Flamé&994
98, 402.
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Appendix: Nominal Transition-State Properties
threshold energieg&©

principal moments of inertia

transition state (kcal/mol) vibrational frequencies (cr (amu bohf)
2 -16 534,972, 1182, 1210, 1375, 1497, 2180, 3573 26.0, 120.7, 146.7
3 -8.8 3919, 3724, 1783, 1324, 776, 583, 556, 363 23.9,149.8,173.7
4 —11.8 3938, 3860, 1836, 1290, 716, 546, 496, 418 22.2,157.3,179.5
5 —23.4 3825, 2198, 1858, 1161, 981, 807, 532, 187 34.5, 158.0, 190.8
6 2.6 769, 776, 1118, 1220, 1297, 1471, 1898, 2066 24.6,128.4,153.1
7

28.8 279,547,900, 1134, 1194, 1323, 1643, 2664 25.5,131.8, 154.9



